Search for + via K + p — > rr + X reaction with a 1.2 GeV/c K + beam 
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The Q + was searched for via the K + p — > -k + X reaction using the 1.2 GeV/c K + beam at the 
K6 beam line of the KEK-PS 12 GeV Proton Synchrotron. In the missing mass spectrum of the 
K + p — > ir + X reaction, no clear peak structure was observed. Therefore a 90 % C.L. upper limit of 
3.5 /xb/sr was derived for the differential cross section averaged over 2° to 22° in the laboratory frame 
of the K + p — » 7r + + reaction. This upper limit is much smaller than the theoretical calculation 
for the t-channel process where a K°* is exchanged. From the present result, either the t-channel 
process is excluded or the coupling constant of gtc*N& is quite small. 

PACS numbers: 12.39.Mk, 13.75.Jz, 14.20.-c 



I. INTRODUCTION 

Since the first report giving evidence of the existence of 
an exotic baryon + [l[, many papers from both theoret- 
ical and experimental aspects have been published [1 H| • 
The + was observed as a narrow resonance of a K + n 
system, giving its minimum quark content as uudds. 
Therefore, if the + would exist, it could have inter- 
esting consequences for non-perturbative QCD. The first 
observation by the LEPS collaboration was confirmed by 
several experiments |, H, 0, 0, @, & EE El El G! ■ How " 
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ever, null results were also reported from several high 
energy experiments where they searched for the + with 
much higher statistics 0, ES EE El El, El H3 • More- 
over, some of the initial positive evidence was refute d by 
the same collaboration with higher statistics [22LI23I. l24|. 
On the other hand, the LEPS and DIANA collaborations 
have shown new evidence supporting its existence. The 
LEPS collaboration shows a narrow peak in the missing 
mass spectrum of the 7c? — * A(1520)AT reaction (25[. The 
DIANA collaboration confirmed its initial positive evi- 
dence with two times larger statistics (26[. In this con- 
troversial situation, it is quite important to perform other 
experimental searches that would reveal the production 
mechanism of the + by using various reactions. 

If the + exists, one of its most remarkable features 
would be its narrow width. The observed width is consis- 
tent with the experimental resolution in all positive ex- 
periments. Moreover reanalyses of the past if + -nucleon 
elastic scattering restricted the width to be less than a 
few MeV/c 2 [13] . Calm and Trilling calculated the width 
from the result of the DIANA experiment, where the + 
was observed via the charge exchange channel of K + n — > 
K°p, and obtained the width of 0.9 ± 0.3 MeV/c 2 [H]. 
Such narrow width is unusual for a hadron resonance. In 
order to understand the narrow width, theoretical mod- 
els were proposed that take into account an additional 
correlation between quarks [H HE HH, HI HE H3| . The 
different dynamics of several models results in different 
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values of the spin and parity. Therefore experimentally, if 
the + exists, it is quite important to determine its spin 
and parity to understand the nature of the 6 + and hence 
its quark dynamics. For this purpose, experiments with 
high statistics are needed. Hadronic reactions fulfill these 
requirements, because the production cross section via a 
hadronic reaction is expected to be much larger than that 
of a photoproduction reaction. Theoretically, the cross 
section of the K + p — ► 7r + + reaction is expected to be 
~80/zb HI. 

High-resolution spectroscopy is another important 
point. Because the width of the Q + is expected to be 
narrow, high resolution is essential in order to measure 
its width with high experimental sensitivity. Therefore 
we were motivated to do an experiment using a K + beam 
and a high resolution spectrometer to search for the 6+ 
with high statistics. 

A different experiment, the E522 collaboration, re- 
ported a search for the + via the n~p — > K~X reaction 
[30|, finding a bump structure near 1.53 GeV/c 2 in the 
missing mass spectrum off the K~ . The statistical signif- 
icance of the bump was 2.5 - 2.7a and was not sufficient 
to claim the existence of the 9 + . The upper limit of the 
production cross section was found to be 3.9 ph. This 
reaction is just the inverse reaction of K + p — > ir + X. In 
both reactions, the same coupling constants are used in 
the production diagrams. A deeper understanding on 
the production mechanism can be obtained by consider- 
ing both experimental results. 

Theoretical calculations in hadronic models using ef- 
fective interaction Lagrangians and form factors were 
made by several authors [35|, HI, [H, 0, HU . They stud- 
ied the + production mechanism in 77V, NN, KN and 
ttN reactions near the production threshold comprehen- 
sively. In general all calculations predict a large produc- 
tion cross section for the K + p — > 7r + 8 + reaction. For 
the production process, they took into account both the 
t-channel process, where K°* was exchanged, and the u- 
channel process, which includes intermediate N* states. 
In these calculations, unknown coupling constants, gKN& 
and gK*NQ were used. Therefore measurements of both 
K + p — > ir + + and ir~p — ► K~0 + reactions are useful 
to compare with theory. 

In this paper, we show the results of a search for the + 
via the K + p — ► tt + X reaction. We discuss the produc- 
tion mechanism considering both experimental results of 
K + p — > 7r + 6 + and n~p — > K~Q + reactions. 



II. EXPERIMENT 

In order to search for the 9 + via the K + p — > 7r + + 
reaction using a high-resolution spectrometer called SKS 
[33, an experiment has been performed at the K6 beam 
line of the KEK 12 GeV proton synchrotron (KEK-PS 
E559). Data were taken in two separated periods; one 
month in June 2005 (1st run) and two weeks in Decem- 
ber 2005 (2nd run). We searched for the + using the 



missing mass technique by detecting incident K + beam 
particles and an outgoing tt + using the K6 beam line 
spectrometer and the SKS spectrometer, respectively. 
Originally, the K6 beam line and SKS spectrometer were 
constructed for high-resolution spectroscopy of A hy per- 
nuclei using high intensity 7r + beam particles [38l . [39(. 
The advantage of the present experiment is the excellent 
mass resolution of 2.4 MeV/c 2 (FWHM) which is compa- 
rable to the expected width of the + . In this reaction, 
a large background is present, which originates from A 
and K* productions with cross section of ~5mb [40| . in 
addition to decays of the incident K + beam. The SKS 
provides good mass resolution leading to high sensitivity. 
The experimental setups of the K6 beam line and SKS 
spectrometers are shown in Fig. [T] and O 

In the present experiment, for the first time a K + beam 
was used in this beam line. The central momentum of 
the K + beam was set to 1.2 GeV/c, which was the max- 
imum momentum of the K6 beam line. The K6 beam 
line supplied various mass-separated secondary beams us- 
ing an electrostatic separator with two correction mag- 
nets. The K + /ir + ratio in the beam was about 0.1. The 
incident particle was defined by two hodoscopes (BH1, 
BH2) placed about 9 m apart. Protons in the beam 
were rejected at the trigger level using a time difference 
of 7 ns between protons and K +, s. In order to reject 
beam ir +, s in the online trigger, an Aerogel Chercnkov 
counter (BAC), whose index of refraction was 1.06, was 
installed just upstream of a liquid hydrogen target sys- 
tem. The efficiency was 98.7±0.1% for 1.2 GeV/c tt+'s, 
while the overkill rate for K+'s was 3.0±0.2%. Each 
incident particle was analysed with the K6 beam line 
spectrometer which consisted of a QQDQQ magnet sys- 
tem and drift chambers (BDC1-2-3-4) located upstream 
and downstream of these magnets. The bending angle 
was 60 degree. The expected momentum resolution was 
Ap/p=0.047% (FWHM). 

A newly developed liquid hydrogen target had a cool- 
ing system using a liquid helium. The hydrogen vessel 
was made from PET (Polyethylene Terephthalate) for 
the cylinder, and Mylar for the end caps. The target 
was 6.87 cm in diameter and 12.5 cm in length. During 
the experimental period, the volume and pressure of the 
target were monitored and fluctuated less than 1%. 

The scattered 7r + 's were detected with the SKS spec- 
trometer located at forward angles. The magnetic field 
was 1.6 T, where the momentum of the central trajec- 
tory was 0.52 GeV/c. The SKS covered the angular 
region smaller than 25° and had an acceptance in the 
laboratory frame of ~0.11 sr for particles whose momen- 
tum was 0.46 - 0.60 GeV/c. The momentum of each 
outgoing particle was analysed with four drift chambers 
(SDC1-2-3-4) located upstream and downstream of the 
SKS magnet. The momentum resolution was estimated 
to be Ap/p=0A2% (FWHM) from the difference of mo- 
menta analysed by both spectrometers for beam-through 
events. For particle identification, trigger counters (TOF, 
AC1-2, LC) were placed downstream of SDC4. Both 
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BDC1 

FIG. 1: Experimental setup of the K6 beam line spectrometer. 




FIG. 2: Experimental setup of the SKS spectrometer. The SDC1 and a Range Counter (RC) were newly installed in order to 
detect the charged particles other than a 7r + detected with SKS. The BDC5 was used only in the 2nd run to reject reaction 
events at BAC and BH2. 



TOF and LC hits were required to select a ir + in the 
online trigger. Outgoing protons were rejected using LC. 
The LC efficiency was typically 95% for 7r + 's. In offline 
analysis, the mass was reconstructed from the momen- 
tum and the time-of-fflght between BH2 and TOF. 



In order to suppress background events, we modified 
the detector setup around the target as shown in Fig. [2] 
For background events, there are hadronic reactions such 
as K+p -> AK -> n+KN and K+p -> NK* -► n+KN. 
The total cross section of each reaction has been mea- 
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TABLE I: Summary of the obtained data 



Reaction 


Beam 


Target 


Number of beam (1st) 


Number of beam (2nd) 




1.2GeV/c K+ 


LH 2 


3.31 x 10 y 


2.17 x 10 M 


(ty+,tv+) 


1.2GeV/c 7T+ 


LH 2 






(K+,7T+) 


1.2GeV/e K+ 


empty 


2.35 x 10 8 


3.87 x 10 8 


(n+,K+) 


LlGeV/c 7T+ 


LH 2 


8.67 x 10 9 


1.71 x 10 9 



sured to be 3.75±0.32 mb and 1.06±0.20 mb, respec- 
tively 40]. However, the most serious background came 
from decay events of K + beam particles. Although the 
kinematical distribution of these two-body decays was 
out of the SKS acceptance, three-body decays (K + — > 
7r + 7r + 7r~, 7r + 7r°7T , ^l + -k°v^ and e + n°v e ) could be a large 
background which was ten times larger than that from 
hadronic reactions. Therefore the rejection of these de- 
cay events was crucial in the search for the 8 + . The 
decay events were separated from the reaction events 
using the difference of the angular distribution and the 
number of charged particles emitted in each event. For 
the three-body decays of the K + , one or three charged 
particles were emitted in the forward angle within 20°, 
whereas two or four charged particles were emitted in 
the hadronic reaction events with final states n + K + n or 
w + K°p. When a n + was detected by the SKS, other 
charged particles were emitted at large angles (0 - 100 
degrees for a K + and 0-50 degrees for a proton) . There- 
fore, in order to detect all possible charged particles 
and measure the angle, a large acceptance drift cham- 
ber (SDC1) whose effective area was 1200mmx 1200mm 
was installed just downstream of the LH2 target. The 
SDC1 covered from to 60 degrees. The SDC1 consisted 
of five planes (X,X',Y,Y',U). The maximum drift lengths 
were 4.5mm and 9.0mm for X, X', Y and Y' planes and U 
plane, respectively. The SDC1 measured the angle using 
hit information and vertex position obtained from tra- 
jectories of the K + and the ir + . The decay events were 
suppressed in the offline analysis using SDC1. In order 
to improve the signal-to-noise S/N ratio to detect an 
emitted K + , a range counter (RC) which had the same 
effective area with SDC1 was installed just downstream 
of SDC1. The RC consisted of 10 layers of plastic scintil- 
lators and 9 layers of brass absorbers, placed alternately. 
The thicknesses of the scintillator and the brass absorber 
were 8mm and 9mm, respectively. Each scintillator layer 
was segmented horizontally into 5 segments. The light 
from the scintillator was collected from PMT's attached 
on the top and bottom ends. In order to avoid the scat- 
tering of outgoing 7r + 's detected with SKS from the ma- 
terial of RC, there was a hole at the entrance region to 
the SKS magnet. 

In total, 3.31 x 10 9 and 2.17 x 10 9 K+ beam particles 
were irradiated in the 1st and 2nd runs, respectively. In 
addition to (K + ,ir + ) events, we took (ir + ,ir + ) events in 
order to estimate some of cut efficiencies. The mass scale 
and resolution were calibrated using a E + peak produced 
via the ir + p — > K + Y, + reaction using a 1.1 GcV/c ir + 



beams. The obtained data are summarized in Table U 



III. ANALYSIS &: RESULTS 

The analysis of beam particles consisted of the identi- 
fication of K + particles and the analysis of the momen- 
tum. The incident K + beam particles were identified 
with time-of-flight between BH1 and BH2 as shown in 
Fig [3] A typical time difference of the 7r + and K + was 
1.9 ns. The time resolution after a correction using the 
ADC was a = 205 ps. We selected a ±4<r region to 
identify K + particles. The beam momentum was recon- 
structed using hit information of the drift chambers and 
a third order transfer matrix. 
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FIG. 3: Time-of-flight distributions between BH1 and 
BH2.The arrows indicate the selection window for K + beam 
particles which is the ±4<r region of its time resolution. 

The trajectory of each scattered particle was recon- 
structed from its position in the drift chambers and a 
field map of the SKS magnet. The straight tracks were 
defined by fitting locally upstream and downstream of 
the SKS magnet. These local tracks were connected us- 
ing the Runge-Kutta method [4l]]. Tracks of reduced 
X 2 < 100 were selected as good tracks. In order to deter- 
mine the x 2 limit, the peak width of the E + was checked 
for each reduced % 2 region. The cut position was de- 
termined as a region where a reasonable resolution (less 
than 3.3 McV/c 2 (FWHM)) was obtained. From the re- 
constructed mass distribution, the scattered 7r + 's were 
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Mass distribution of scattered particles 




Mass (GeV/c 2 ) 

FIG. 4: Distribution of obtained masses of scattered parti- 
cles. 




Mass(GeV/c 2 ) 



FIG. 5: Missing mass spectra of the tt p —> K + X reaction for 
the 1st and 2nd runs. The peak of E + is seen. The obtained 
widths are consistent with the expected value of 1.98 MeV/c 2 
obtained from a Monte Carlo simulation. The peak positions 
for both runs are consistent with each other. 



clearly selected as shown in Fig. @] 

The validity of the analyses of both spectrometers was 
confirmed using the 7r + p — > K + Y, + reaction taken for 
calibration with a 1.1 GeV/c ir + beam. The missing 
mass spectra of the tt + p — > K + X reaction are shown in 
Fig. [5] for the 1st and 2nd runs, where clear peaks of E + 
are identified. The obtained widths for both runs are 
consistent with the expected value of 1.98 MeV/c 2 from 
a Monte Carlo simulation considering the momentum 




z (mm) 

FIG. 6: Vertex distributions of the (K + ,ir + ) and (7r + ,7r + ) 
data. In the vertex distribution of the (tv + ,tt + ) data, the 
image of the LEh target as well as BH2 and BAC is seen. The 
distribution in the {K + , ir + ) data was flat from BAC position 
(z — —220) because almost all events of the (K + ,-ir + ) data 
are decay events. The peak structure around z = 230mm 
was due to miscalculated events of K + beam particles, which 
decayed between SDC1 and SDC2. 



resolution of Ap/p=0.047% (FWHM) and Ap/p=0.43% 
(FWHM) for the K6 and SKS spectrometers. The ab- 
solute value of the momentum of outgoing particle was 
adjusted to make the E + peak consistent with its known 
value. The mass shift from the known value was 1 
MeV/c 2 which corresponded to 3 MeV/c correction of 
the momentum. This momentum correction corresponds 
to 2 MeV/c 2 shift for the peak position of the + . From 
Monte Carlo simulations, the missing mass resolution for 
the 6+ was estimated to be 2.4 MeV/c 2 (FWHM). Be- 
cause the peak positions of the E + are consistent for the 
1st and 2nd runs, the missing mass resolution of the + 
is not expected to decrease by adding the missing mass 
spectra of the 1st and 2nd runs. 

The vertex position was reconstructed at the point of 
the distance of closest approach between the incident and 
the scattered tracks. Fig. [5] shows the distribution of the 
vertex positions of the (K + ,tt + ) and (ir + ,ir + ) data. In 
the vertex distribution of the (7r + ,7r + ) data, the image 
of the LH2 target, as well as BH2 and BAC, are clearly 
seen. On the other hand, in the (K + , tt + ) data, we could 
not recognized the LH2 target because almost all events 
of the (A'+,7r + ) data are decay events. The peak struc- 
ture around z = 230mm, which corresponded to the po- 
sition of SDC1, was due to miscalculated events of K + 
beam particles that decayed between SDC1 and SDC2. 
In order to suppress these decay events, wc used infor- 
mation on the number of tracks just after the target and 
their angles. In order to detect all possible charged par- 
ticles, a large acceptance chamber (SDC1) was installed. 
Tracks other than ir + measured with SKS were recon- 
structed from the hit information of SDC1 and the 1st 
layer of RC, and the reconstructed vertex position. Be- 
cause more than two charged particles were emitted at 
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z(mm) 

FIG. 7: Vertex distributions of the (K + ,ir + ) reaction after 
the decay suppression using SDC1 for the 1st and 2nd runs. 
The open histogram shows the vertex distribution obtained 
using the LH2 target data. The blue hatched histogram shows 
the empty target data, which are normalized using the beam 
flux. The red dotted histogram shows the subtraction of these 
histograms, which shows a net contribution of the K + p — > 
tt + X reaction events. The arrows show the cut position for 
the vertex cut. 



large angles for hadronic reaction, the number of tracks 
just after the target was required to be more than two. 
When the number detected by SDC1 was two, i.e. one 
more particle other than ir + detected with SKS, the angle 
of the second particle was required to be larger than 10°. 
When the number was more than three, the angles of the 
second and third particles were required to be more than 
15° and 23°, respectively. The cut positions of these an- 
gles were determined so as to make S/ y/N a maximum, 
where S is the number of hadronic reaction events and iV 
is the decay events in the vertex region between the ar- 
rows in Fig. [JJ Fig. [7] shows the vertex distribution after 
this analysis of SDC1. The vertex of the LH2 target was 
seen once the decay events were removed. The hatched 
histogram shows the empty target data which is normal- 
ized using the beam flux. The dotted spectrum shows the 
subtraction of histograms of the LH2 target data and the 
normalized empty target data. The subtracted spectrum 
shows the net contribution of the K + p — > tt + X reaction 
at the LH2 target. The number of reaction events are 



1.7 x 10 4 and 1.2 x 10 4 , respectively, for the 1st and 2nd 
runs. 

Using the analysis of SDC1, 95% of decay events at 
the target region were removed. As shown in Fig. 
there are still decay events. One can test whether the 
amount of decay events is consistent or not by compar- 
ing with a Monte Carlo simulation. Based on the Monte 
Carlo simulation where efficiencies of the chambers were 
taken into account, the suppression factor for the de- 
cay events was estimated to be 98%. The reason of this 
inefficiency was that one of the pions from three-body 
decay disappeared by the interaction with the LH2 tar- 
get or materials around the target. The e + e~ from ir° 
decay also created mistaken tracks and decreased the ef- 
ficiency. From this study, we found that there is ~3% 
difference between the real data and the simulation. To 
explain this difference, we considered whether the Kg a, 
which were produced at BH2 or BAC via hadronic re- 
actions such as K + n — ► K^p, could contribute to the 
vertex distribution, because the -RTg's which decayed into 
7r + 7r~ at the target region made a miscalculated vertex 
at the cross point between the 7r + and the K + beam. In 
the 2nd run, in order to remove these events, a new drift 
chamber (BDC5) with two planes (X, X') was installed 
between the target and BAC. We applied the following 
cuts. At first, the hit position of BDC5 was required to be 
consistent with the extrapolated position from the track 
defined with BDC3-4. We also required the multiplicity 
of BDC5 to be one. The bottom figure in Fig. [7] shows 
the vertex distribution applied the BDC5 cut in the 2nd 
run, which shows a slight improvement of the S/N ratio. 
However there is still about 2% inconsistency between 
the analysis and the simulation. This could be due to 
the imperfection of the Monte Carlo simulation, since 
we could not reproduce the complex LH2 target system 
where some materials were not installed. Another possi- 
ble reason is incompleteness of the analysis of SDC1. We 
took this 2% inconsistency into account as the systematic 
error of the efficiency of the SDC1 analysis described in 
the following paragraph. 

The efficiency of the SDC1 analysis for the + events 
was also checked by this Monte Carlo simulation. Be- 
cause charged particles other than 7r + in SKS were re- 
quired to be detected by SDC1, the acceptance of the 
chamber must be considered for these particles and the 
tracking efficiency of the SDC1 analysis. In this simu- 
lation, we assumed the following three kinds of angular 
distributions of tt + in the center of mass system; 

1. flat distribution, 

2. forward peak distribution ((l+cos0)/2), 

3. backward peak distribution ((1— cos#)/2), 

where 9 is the angle of 7r + in the K + p center of mass 
(cm.) system. For the decay distribution of 6 + — ► KN, 
a flat distribution was assumed. The branching ratios 
of + — > K + n,Kgp and K\p were assumed to be 50%, 
25% and 25%, respectively. Between these distributions, 
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TABLE II: Summary of the cuts and their efficiencies. 



cut efhciency(%) (1st run / 2nd run) 



f K+ beam 


K beam on-target factor 


84.5±3.5 / 96.2±1 .6 


f K+ decay 


beam decay factor 


96.7±0.f / 95.7±0.f 




tracking efficiency of beam particle 


95.3±0.3 / 95.6±0.3 




LC efficiency 


95.5±0.2 


€TOF 


TOF efficiency 


~100. 


j "71 + decay 


7r + decay factor 


85.2±0.2 


fir+int 


7r + interaction factor 


94±2 


(■Sdcln 


Sdcln tracking efficiency 


87 ±1 


esdcOut 


SdcOut tracking efficiency 


92.9±0.3 




Sks tracking efficiency 


95±0.7 




Sdcl analysis efficiency 


69.4±3.7 




vertex cut efficiency 


85.2±?; 9 3 / 85.0t°;$ 


^Bdch 


BDC5 cut efficiency 


— / 9I.6±0.2 




acceptance at lab. frame 


O.llsr. 



Missing mass spectrum of K + p -> ;r*X reaction 




FIG. 8: Missing mass spectrum of the K p — > ir X reaction 
where the spectra of the 1st and 2nd runs are added. The 
hatched histogram shows the empty target data, which are 
normalized using the beam flux. The dotted spectrum shows 
the expected spectrum assuming that the width of the + is 
MeV/c 2 , the total cross section of the K + p — > 7r + + reaction 
is 50 fib and the angular distribution of the tt + is isotropic in 
the K + p cm. system. 



the difference was small and the efficiency was estimated 
to be 69.4±3.7%. The error consisted of two parts. The 
first one is the deviation between the different angular 
distributions. The other one is the 2% uncertainty of 
tracking analysis using SDC1 as described in the previous 
paragraph. 

Fig. [8] shows the missing mass spectrum of the K + p — > 
n + X reaction after selecting the LH2 target regions us- 
ing the vertex distribution. In this figure, the data of 
the 1st and 2nd runs are added. The hatched histogram 
shows the empty target data, which are normalized us- 
ing the beam flux. This spectrum shows the contribution 
from the K + decays in the region between the arrows in 
Fig. [71 The dotted spectrum shows the expected spec- 



trum assuming that the width of the + is MeV/c 2 , 
the total cross section of the K + p — > 7r + 9 + reaction is 
50 lib and the angular distribution of the 7r + is isotropic 
in the K + p cm. system. In the present experiment, 
no significant peak was observed. We also obtained the 
differential cross section averaged over 2° to 22° in the 
laboratory frame. The differential cross section is defined 
by the following equation, 

/ da \ 1 1 

\dfl J Ntarget Nb earn f K+ beam f K+ decay ' ^K6 

1 1 

£LC • £TOF f-n + decay ' fir+int 



tSddn ■ eSdcOut ' ^Sks 1 ^Sdcl 1 ^vtx 1 d£l 

where the /'s and e's represent the correction factors and 
efficiencies whose typical values are summarized in Ta- 
ble El 

The fK+beam represents the ratio of the number of 
K +, s which hit the LH2 target to that of K +, s identified 
from the time-of-flight between BH1 and BH2. Because 
the horizontal size of the beam at the target region was 
comparable with the target size, part of the beam par- 
ticles did not pass through the target. The fx+ beam's 
are estimated to be 84.5 ± 3.5% and 96.2 ± 1.6% for 
the 1st and 2nd runs, respectively, using data taken with 
a KBEAM trigger where there was no bias of scattered 
particles. Because the beam center was slightly shifted 
from the target center in the 1st run, the fK+beam in the 
1st run was smaller than that in the 2nd run. The co- 
efficient, fx+decay: represents the correction factor due 
to the decay in flight of the K + beam particles between 
BH2 and the LH2 target. The fn+decay's were estimated 
to be 96.7 ± 0.1% and 95.7 ± 0.1% for the 1st and 2nd 
runs, respectively. In the 2nd run, BH2 was moved to up- 
stream in order to install BDC5. Therefore the Jk+ decay 
of the 2nd run was smaller than that of the 1st run. 

The 6kg represents the tracking efficiency for the in- 
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cidcnt particles, estimated by the ratio of the number 
of events accepted as a good trajectory to that of good 
beam particles defined using the time-of-flight between 
BH1 and BH2 and the energy deposit at BH2. The ckg's 
were obtained to be 95.3±0.3 and 95.6±0.3 for the 1st 
and 2nd runs, respectively. 

The 6lc and etof represent the efficiencies of LC 
and TOF counters, respectively. The LC and TOF were 
segmented horizontally into 14 and 15 segments, respec- 
tively. These efficiencies are estimated for each segment 
using data taken in the trigger condition without LC and 
TOF. The typical value of e LC was 95.5±0.2%. In order 
to obtain the cross section, the efficiency of the segment 
through which the outgoing ir + passed was used. The 
typical value of the ctof was almost 100%. 

The coefficient, fn+decayi represents the correction fac- 
tor due to the decay-in-flight of the ir + . In the offline 
analysis, we required the hits of the LC and TOF cor- 
responding to the trajectory obtained by the tracking 
routine using SDC3-4. From Monte Carlo simulations, 
we found that events where 7r + 's decayed after SDC4 
could be analyzed as good events, because the angle of 
the /i + from the ir + decay was less than 4°. Therefore 
the f n +decay was calculated event by event using the flight 
length from the vertex point to the exit of SDC4. The 
typical value of fn+decay was 85.2±0.2%. The coefficient, 
fn+int-i represents the correction factor due to the inter- 
action rate of tt + in the materials of the target and the 
SKS spectrometer. The factor was calculated with the 
Monte Carlo simulation based on GEANT4. The value 
of fit+int was found to be 94±2%. 

The coefficients, esddn and esdcOut, represent the effi- 
ciencies of the local tracking upstream and downstream of 
the SKS magnet. The esddn was estimated from Monte 
Carlo simulations to be 87±1%. Typically there were 
multiple hits in SDC1 because it was designed to detect 
many charged particles at once. Therefore hits of SDC1 
and SDC2 which did not originate from a single parti- 
cle were connected in the tracking routine and finally 
rejected by the further analysis. The esdcOui was esti- 
mated using the data of five beam-through runs where 
the 7r + beams of fixed momentum from 0.475 to 0.525 
GeV/c were directly analyzed with the SKS spectrome- 
ter. The efficiency was constant for all horizontal posi- 
tions of the outgoing particle. The esdcOut was obtained 
to be 92.9±0.3%. The coefficient, £sks, represents the 
efficiency of the Runge-Kutta tracking which calculates 
the trajectory of the outgoing particle by connecting lo- 
cal tracks. The esKS was estimated by using scattered 
protons selected only using TOF and LC. The efficiency 
depended on the slope in the vertical plane (dy/dz) of the 
outgoing particle at the target. For small slope (dy/dz 
~ 0), the esKS was 95±0.7%. For large slope (dy/dz 
~ ±0.8), the esKS was 89±1%. The efficiency was cor- 
rected according to the slope of each trajectory. 

The coefficient, esdci, represents the efficiency of the 
SDC1 analysis described in the previous paragraph. The 
esdci was obtained to be 69.4±3.7%. 
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FIG. 9: Top figure: Double differential cross section of the 
K + p — > tv + X reaction averaged over 2° to 22° in the labora- 
tory frame. This spectrum includes a contribution from the 
K + decay events which exist between the arrows in Fig. [7] In 
order to derive the upper limit of the differential cross section 
of the K + p — > 7r + + reaction, we fitted this spectrum with 
a background using a 2nd order polynomial function and a 
Gaussian peak with a fixed width of 2.4 MeV/c 2 (FWHM). 
Bottom figure: The upper limits of the differential cross sec- 
tion of the K + p — > n + Q + reaction averaged over 2° to 22° 
in the laboratory frame as a function of the mass of the + . 
The data points show the value and the error of the differen- 
tial cross section obtained from the area of the fitted Gaussian 
function. The line shows the 90% C.L. upper limit of the dif- 
ferential cross section. 



The coefficient, e vtx , represents the efficiency of the 
vertex cut. In order to estimate this value, we used the 
vertex distribution of the (7r + ,7r + ) events, because the 
target image could be identified more precisely. The e v t x 
values are 85.2^-9% an d 85.0t°;^% for the 1st and 2nd 
runs, respectively. The coefficient tBdcb represents the 
efficiency of the BDC5 analysis applied only in the 2nd 
run. This value was also estimated by using the (ir + , ir + ) 
data from the ratio of the number of events within the 
target region in the vertex distribution with and without 
the BDC5 cut. The value of e Bdc5 is 91.6±0.2%. 

Because some of efficiencies depended on the trajectory 
of the particle, these efficiencies were calculated event by 
event. The differential cross section averaged over 2° 
to 22° in the laboratory frame was calculated using the 
following equation, 
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02° -22° 



(2) 



80 



Fig. [9] shows the differential cross section versus miss- 
ing mass which also shows no peak structure. This spec- 
trum includes the contribution of K + decay events which 
exist between the arrows in Fig. [7] The error includes 
both of the statistical and systematic errors. We derived 
a 90 % C.L. upper limit of the differential cross section of 
the K + p — > 7r + + reaction. As shown in the top figure of 
Fig. [5] we fitted this spectrum with a background using a 
2nd order polynomial function and a Gaussian peak with 
a width of 2.4 MeV/c 2 (FWHM) which is the expected 
resolution for the 8 + . The differential cross section was 
calculated from the area of the Gaussian function. The 
bottom figure of Fig. [5] shows the values and the errors of 
the differential cross section as a function of the peak po- 
sition. The solid line in the bottom figure of Fig. [5] shows 
the 90 % C.L. upper limit of the differential cross section 
considering that this distribution is based on Gaussian 
statistics. This 90 % C.L. upper limit is less than 3.5 
fib/ 'sr for almost all mass region. 



IV. DISCUSSION 

The experimental results are now compared with the- 
oretical calculations. A production mechanism based on 
both the present results of the K + p — > ir + ® + reaction 
and the results of the ir~p — » A'~0 + reaction will be 
discussed. 

In the K + p — ► 7r + + reaction, it is possible to con- 
sider a i-channel process where A * is exchanged and 
a u-channel process where N* is an intermediate state 
as shown in Fig. [TO] Fig. [12] shows the differential cross 
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FIG. 10: Diagrams for the K p — > n reaction. 
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FIG. 11: Diagrams for the 7r p — > K + reaction. 
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FIG. 12: Differential cross section calculated by Y. Oh el al. 
at y / s=2.4 GeV (the present experiment was carried out at 
v/s^l.9 GeV). This is the same as Fig. 3 (c) in Ref. The 
horizontal axis represents the scattering angle of the n + in the 
cm. frame of K + p system. The solid line is obtained with 
gx*Ne = +gKNe, the dashed line with gA-.jve = —Qknq, 
and the dot-dashed line with qk*nb = 0. The differential 
cross sections averaged over 2° to 22° in the laboratory frame 
are also listed for each case. 



section calculated by Y. Oh et al. using an effective inter- 
action Lagrangian [351 ] . Their calculation is controlled by 
two coupling constants, gxNQ and gx* no- The coupling 
constant gxNe is related to the decay width of the + . 
They assumed that gxN& was 1.0 which corresponds to 
a decay width of 1.03 MeV/c 2 . On the other hand, there 
is no experimental information about gx'Ne- There- 
fore they calculated in three cases where gx*Ne = 0, 
gK'NB = gxNe and g K 'Ne = -gxNe- If there is the i- 
channcl process {gx* n& = ±gKNe)i the differential cross 
section would have a forward peak distribution as shown 
by the solid and dashed lines in Fig. [12] The calcu- 
lated differential cross section averaged over 2° to 22° 
in the laboratory frame (02° -22°) is about 140 fib/sr in 
this case. The experimental upper limit of 3.5 [ib/sr is 
much smaller than this theoretical value. Therefore the 
i-channel process is excluded by the present results. On 
the other hand, if the i-channel process does not exist 
and only the u-channel process exits, the differential cross 
section shows a backward peak distribution as shown by 
the dot-dashed line in Fig.[T2] In this case, the CT2°-22 o is 
almost fib/ st. Our experiment is not sensitive enough 
to exclude the w-channel process. 

The E522 collaboration reported an upper limit of the 
cross section of the ir~p — > A'~0 + reaction of 3.9 /A> at 
the 90% confidence level assuming that the + is pro- 
duced isotropically in the center of mass system. In the 
tt~p — > A"~0 + reaction, the i-channel and s-channcl pro- 
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FIG. 13: Diagrams with two-meson coupling for the ir~p — > 
K~Q + and K + p — > 7r + + reactions. 

cesses are considered as shown in Fig. [TTJ The cross sec- 
tion is controlled by the same coupling constants, gn*NQ 
and gxNQ, which are used for the K + p — > 7r + + re- 
action. In order to explain the small cross section, the 
following two things are possible: 1) The coupling con- 
stant gxNB is small; 2) Although the coupling constants 
9k* nq an d gKNB are sizable, the total cross section be- 
comes small due to a destructive interference between 
two amplitudes of gK* no and gKNe- From the result of 
the K + p — > 7r + + reaction, gieNe is considered to be 
quite small. Therefore it is unlikely that the cross section 
is small due to the interference. If gKNO is small, then 
the width of Q + is quite narrow. 

Hyodo and Hosaka studied the production mechanism 
taking into account the importance of two-meson cou- 
plings [45| . They calculated the production cross sec- 
tion of the ir~p — > K~® + and K + p — > 7r + + reac- 
tions for both J p = 1/2+ and 3/2~ using the Feynman 
diagrams shown in Fig. [T2J They obtained the scalar 
and vector coupling constants of QKttN, g s and g v , us- 
ing flavor SU(3) symmetry and the decay width of the 
iV*(1710) — ► irirN. Without a two-meson coupling, all of 
the amplitudes for the + production are proportional to 
the gx jve coupling, which is fixed by the supposed small 
decay width of the + . However, even with an extremely 
narrow width of the + , a sizable cross section can be 
obtained using the two-meson coupling determined from 
the decay width of 2V*(1710). These coupling constants 
have uncertainty due to the experimental uncertainties 
in the branching ratio. They restricted the coupling con- 
stants to be consistent with the upper limit of the cross 
section of the ir~p — ► K~Q + reaction. Moreover the rel- 
ative phase between scalar and vector coupling constants 
could not be determined solely from the decay width of 
the iV*(1710). This relative phase is quite important be- 
cause it determines the interference term of these two 
amplitudes. If g s and g v have the same phase, the two 
amplitudes interfere constructively for the n~p — > K~& + 
channel, while in the K + p — > 7r + + case it gives destruc- 
tive interference. On the other hand, if g s and g v have 
the opposite phase, the situations for constructive and 
destructive interference reverse. Considering the small 
cross section obtained in the n~p — > K~<d + reaction, 
these data suggest the latter case. Then, the cross section 
of the K + p — > 7r + + reaction could be large. They calcu- 



lated total cross sections of 2.5 mb and 110 /ib in the cases 
of J p = l/2 + and 3/2~, respectively. The CT2 o -22 o 's are 
^600 /ib/sr and ~50 /ib/sr in each case. The experimen- 
tal upper limit of 3.5 /ib/sr is much smaller than these 
calculations. If they take the same phase for g s and g v in 
order to explain the cross section of the K + p — ► 7r + + 
reaction, the cross section of the ir~p — > K ~8 + becomes 
large due to the constructive interference, which is in- 
consistent with the experimental result. Therefore this 
model can not explain both of the experimental results 
simultaneously. 

In summary, we have searched for the + via the 
K + p — ► tt + X reaction using a 1.2 GeV/c K + beam 
at the K6 beam line of the KEK-PS 12 GcV Pro- 
ton Synchrotron. In the missing mass spectrum of the 
K + p — ► ir + X reaction, no clear peak structure was 
observed. A 90 % C.L. upper limit of the differential 
cross section, averaged over 2° to 22° in the laboratory 
frame of the K + p — ► ir + Q + reaction, is obtained at 3.5 
/ib/sr. From the present experiment and the experiment 
by the E522 collaboration, it is found that both of the 
production cross sections from the ir~p — ► K~<3 + and 
K + p — ► 7r + + reactions are small. From the small 
differential cross section at the forward angles of the 
K + p — > 7r + + reaction, the t-channcl process, where 
a K°* is exchanged, is excluded. Therefore the small 
cross section of the ir~p — > K~Q + reaction cannot be ex- 
plained by the destructive interference between two am- 
plitudes due to the couplings gxNO and gx * nq ■ In order 
to explain the small cross section, the coupling constant 
gKNQ must be small. The model by Hyodo and Hosaka 
which explains the result of the ir~p — > K~~Q + reaction 
also cannot explain the present result. 
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